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Abstract  
Age-specific variation in reproductive effort can affect population dynamics, and is a key 
component of the evolution of reproductive tactics. Late-life declines are a typical feature 
of variation in reproduction. However, the cause of these declines, and thus their 
implications for the evolution of life-history tactics, may differ. Some prior studies have 
shown late-life reproductive declines to be tied to chronological age, whereas other studies 
have found declines associated with terminal reproduction irrespective of chronological 
age. We investigated the extent to which declines in late life reproduction are related to 
chronological age, terminal reproductive attempt or a combination of both in the Thorn-
tailed Rayadito (Aphrastura spinicauda), a small passerine bird that inhabits the temperate 
forest of South America. To this end we used long-term data (10 years) obtained on 
reproductive success (laying date, clutch size and nestling weight) of females in a Chilean 
population. Neither chronological age nor terminal reproductive attempt explained variation 
in clutch size or nestling weight, however we observed that during the terminal 
reproductive attempt older females tended to lay later in the breeding season and younger 
females laid early in the breeding season, but this was not the case when the reproductive 
attempt was not the last. These results suggests that both age-dependent and age-
independent effects influence reproductive output and therefore that the combined effects 
of age and physiological condition may be more relevant than previously thought.  
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Introduction 
Understanding age-specific variation in reproductive effort and breeding success is 
fundamental to our understanding of the ecology and evolution of iteroparous species (Rose 
1991, Roff 2002). Most studies that have investigated the variation in reproductive success 
with age have shown a pattern of increasing reproductive performance in early adulthood 
followed by a decline in later life (Nussey et al. 2013, Mourocq et al 2016). Such late-life 
declines may be tied directly to age, either through loss of physiological function 
(senescence hypothesis; Kirkwood and Austad 2000, Mysterud et al. 2001), or as a 
reproductive strategy that maintains survival when physiological condition declines 
("allocation hypothesis”; McNamara et al. 2009). Late-life declines in reproductive success 
may be gradual (e.g. Møller and Nielsen 2014) or abrupt, when individuals show signs of 
reproductive decline close to their death (e.g. Coulson and Fairweather 2001, Rattiste 2004) 
(i.e. terminal reproductive attempt) (Hammers et al. 2012). Such variation in late-life 
declines could be explained because the rate of damage accumulation is affected by factors 
(e.g. oxidative damage) that depend on the environment and as a consequence individuals 
may senesce and die at different chronological ages (i.e. age-independent) (Ricklefs 2008, 
McNamara et al. 2009). Therefore, age-independent late-life decreases in physiological 
condition could increase late-life age-dependent reproductive declines, producing an abrupt 
change in reproductive output in the last reproductive attempt (Hammers et al. 2012). For 
example. in bighorn sheep (Ovis canadensis) reproductive allocation decreased in the last 
two reproductive attempts independent of age, and fecundity was lower in the last two 
years of life, particularly for older individuals (Martin and Festa-Bianchet 2011). 
     One way to evaluate whether age-dependent and age-independent effects are acting 
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reproductive event is the last (terminal) or not (non-terminal). We make the following 
predictions: (i) if reproductive output is independent of age and independent of the terminal 
reproductive attempt, we expect to observe absence of correlation between age and 
reproduction in the terminal and in non-terminal reproductive attempts (Fig. 1a); (ii) if 
reproductive output is independent of age but dependent on the terminal reproductive 
attempt, we expect to observe lower reproductive output in the terminal reproductive 
attempt compared to the non-terminal reproductive attempt (Fig. 1b); (iii) if reproductive 
output depends only on age, we expect to observe the same decreasing pattern in the 
terminal reproductive attempt and in the non-terminal attempts (Fig. 1c) and (iv) if the age-
dependent pattern differs between the terminal and non-terminal reproductive attempts (i.e. 
significant interaction between age and terminal reproductive attempt), it would suggest 
that both age-dependent and age-independent effects shape reproductive output 
simultaneously (e.g. Fig. 1d).  
     To our knowledge the only study that has used this approach (i.e. to include in the 
analysis a term that accounts for the terminal event) is the study of Hammers et al. (2012) 
in Seychelles warblers (Acrocephalus sechellensis); post-peak reproductive output declined 
with age, but this pattern differed between terminal and non-terminal reproductive attempts 
(e.g. Fig. 1d), suggesting that both age-dependent and age-independent effects influence 
reproductive output. In order to increase our understanding of the influence of age 
dependent and age-independent effects on reproductive output (laying date, clutch size and 
nestling weight), we used longitudinal data (10 years) collected on a population of the 
Thorn-tailed Rayadito (Aphrastura spinicauda), a small passerine bird that inhabits the 
temperate forest of South America (Chile and Argentina) and tested the predictions of 
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Materials and Methods 
 
The Thorn-tailed Rayadito and the study population  
The Thorn-tailed Rayadito (Furnariidae: Passeriformes) is a small (~11 g) endemic 
insectivorous species residing in temperate forests in Argentina and Chile (Remsen 2003). 
The species is socially monogamous; both members of the pair contribute to nest building, 
incubation and the feeding of nestlings (Moreno et al. 2007, Espíndola-Hernández et al. 
2017). Females lay one clutch per breeding season, during the austral spring, from October 
to December (Moreno et al. 2005). Nest construction takes 9-20 days, the incubation period 
is 15-22 days, and fledging occurs 20-21 days after hatching (Altamirano et al. 2015). Eggs 
are laid on alternate days and incubation is delayed until the clutch is completed (Moreno et 
al. 2005). Clutch size varies according to latitude, with a mean clutch size of 2.5 eggs at 
lower latitudes and 4.5 eggs at higher latitudes (Quirici et al. 2014). Thorn-tailed Rayaditos 
can live at least 9 years (nestlings marked and recaptured 9 years later) and their mean the 
lifespan (based on individuals of known ages) is 4.8 years, so this pattern of longer lifespan 
is similar to what is found in other Southern Hemisphere species (Martin 1995). 
     Because Thorn-tailed Rayaditos are secondary cavity nesters (Remsen 2003), they easily 
adopt to nesting in artificial nest boxes. As part of a long-term study, we have monitored 
nest boxes in different populations throughout Chile. In the present study we report data 
fro  Fray Jorge  atio al Park (30°38’    71°40’ W)  a low-latitude population (101–157 
nest boxes available annually in 2006–2017) (Botero-Delgadillo et al. 2017) that represents 
the northern limit of the species’ distribution. The forest of Fray Jorge is a relic forest from 
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patches at the top of the coastal mountain range, where fog-induced microclimatic 
conditions allow the forest to exist in this semiarid regio  ( illagr   et al. 2004). Because 
xeric shrub matrixes that surround the forest represent a barrier for dispersal (movement of 
breeders of Rayaditos out of or into the study population has not been recorded) (Cornelius 
et al. 2007), this population is genetically isolated from the other populations i   hile 
( o   le  a d Wink 2010, Yañez et al. 2015). A recent study (Bottero-Delgadillo et al. 
2017) showed that in our study population Thorn-tailed Rayaditos are highly philopatric, 
and that breeding dispersal is not frequent (~30%) and involves short movements 
(commonly <100 m). Vital rates calculated with static life tables in Fray Jorge National 
Park indicated that fledgling survival is approximately 23% and the recovery rate of 
marked fledglings is approximately 26%. 
 
Field methods and molecular sexing 
Data for our study were obtained during ten consecutive breeding seasons (2008–2017) 
(Table 1). Nest boxes were monitored on a weekly basis to check for nest box occupation, 
and when occupied, checked daily to record the laying date (date of laying of the first egg 
of the clutch), clutch size, hatching date and brood size at hatching. When nestlings were 12 
days old they were weighed and banded with individual metal bands (National Band and 
Tag Co., Newport, Kentucky, USA and Porzana Ltd, UK). Adults were captured in their 
nests with a manually-triggered metal trap that sealed the entrance hole when adults entered 
to feed their 12-day-old nestlings. We weighted adults and obtained a small blood sample 
(ca. 15 μl) by pu cturi g the brachial vei  with a sterile  eedle.  lood sa ples were stored 
on filter paper (FTA Classic Cards, Whatman) for subsequent molecular sexing. Similar to 
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     Because Thorn-tailed Rayaditos are sexually monomorphic externally, we used 
molecular methods to determine the sex of nestlings and adults. The sex was determined 
using 2550F and 2718R primers (Fridolfsson and Ellegren 1999). PCR products were run 
in 1% agarose gels, pre-stained with ethidium-bromide and detected in a Fluorimager 
(Vilber Lourmat). Birds were sexed as females (heterogametic: WZ) when the CHD1W of 
450 bp and CHD1Z of 600 bp fragments were amplified, and identified as males 
(homogametic: ZZ) when only the CHD1Z fragment was present. Details of the protocol 
and validation of this method in the Thorn-tailed Rayadito are described in Quirici et al. 
(2014). 
 
Age determination and data processing 
During the ten reproductive seasons of our study (2008-2017) we captured 207 males, 210 
females and 702 nestlings (Table 1). In total, 11.66% (73: 31 females and 35 males) of the 
626 marked nestlings that were ringed between during 2008-2016 were recaptured as 
breeding adults in our study population and thus their exact age was known. Of the 31 
females of known age, one female reached a maximum age of one year, seven a maximum 
age of two years, four a maximum age of three years, three a maximum age of four years, 
seven a maximum age of five years, zero a maximum age of six years, two a maximum age 
of seven years, three a maximum age of eight years and four reached a maximum age of 
nine years. We also included in our analysis those females that, although they were 
captured for the first time as adults and were thus of unknown age, reached at least a 
maximum age of five years: 16 females reached at least a maximum age of five years, 10 
reached at least a maximum age of six years, two reached at least a maximum age of seven 
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long-lived females. The number of recapture occasions (e.g., 1001001100, where 1 
indicates that the female was captured and 0 indicates that the female was not captured) per 
individual ranged from 1 to 5 (1 = 17, 2 = 12, 3 = 11, 4 = 12 and 5 = 5), resulting in a total 
of 147 observations of 57 females. Since females that were captured twice may have 
different capture histories, e.g. 1010000000, 1000000010, sample sizes of age 1 to 9 were 
17, 30, 25, 24, 22, 9, 9, 7 and 4, respectively. Because our objective was to evaluate the 
interaction between age and the terminal reproductive attempt and in order to have a 
balanced design in the interaction term, we combined the ages of the extremes 1 + 2 and 6 
to 9 years, therefore the sample sizes for ages 1+2, 3, 4, 5 and 6+ were 47, 25, 25, 22 and 
29, respectively. Although our study population is isolated by the xeric environment that 
surrounds Fray Jorge National Park (genetically closed population - Yañez et al. 2015), not 
finding a female nesting in a nest box in a year does not necessarily mean that the female 
has died (e.g. it may be nesting in a natural cavity instead of in a nest box).  
 
Statistical analyses 
In order to test whether reproductive output differs with age and the terminal breeding 
attempt (predictions of Fig. 1), we included a binary factor to categorize each breeding 
attempt as being the terminal reproductive attempt or not (e.g., Hammers et al. 2012) and 
included the interaction between age (continuous variable) and the terminal breeding 
attempt. We included the linear and quadratic effects of age (age
2
) as predictors (e.g. 
Martin and Festa-Bianchet 2011, Hammers et al. 2012, Tarwater and Arcese 2017). Prior to 
the analyses, we mean-centered age to reduce collinearity between the linear and quadratic 
terms. Reproductive output included laying date (the date the first egg was laid) (N = 147 
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size = 2.57, S.D. = 0.98, range = 1 to 4) and nestling weight (N = 147 nest, N = 294 
nestlings). The distributions of the variables were tested with the fitdistrplus package 
(Delignette-Muller and Dutang 2015). Mixed models were fitted using a REML 
maximization with the lmer function of the lme4 package, which allows for unbalanced 
datasets (Bates et al. 2008). Random effects were breeding year and female identity (to 
account for multiple observations of the same female), and nest identity for the nestling 
weight analysis (to account for the fact that multiple nestlings come from the same nest). 
We used a linear mixed model (LMM) for laying date and nestling weight and a 
generalized linear mixed model (GLMM) with a Poisson error structure and a log link for 
clutch size. For each reproductive output we first assessed whether the saturated model, i.e. 
the model that included all fixed effects (age, age
2
, terminal and interactions between these 
variables) and random effects, explained the variance better than the null model (that 
considers only the intercept and the random effects), with the likelihood ratio test (LRT). In 
those cases in which the saturated model explained the variance better than the null model 
(P < 0.05), we proceeded to perform odel selectio  usi g Akaike’s I  or atio   riterio  
corrected for small sample sizes (AICc) as implemented in the package u I  ( arto  
2014). Following Tarwater and Arcese (2017), we: i) tested all nested models from the 
global model, except that random effects were retained in all models and the quadratic 
effect of age was only included with the linear effect of age; and ii) the model set used for 
model averaging were those with the lowest AICc until the cumulative model weight 
exceeded 0.95 (Burnham and Anderson 2002). All statistical tests were per or ed usi g α 
= 0.05 for hypothesis testing, and were performed in R version 3.2.2 (R Development Core 
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Results  
The model that included all the fixed effects explained variation in laying date better than 
the null model (LTR: Chi-squared = 23.20, d.f. = 5, P < 0.001). Two averaged models 
(cumulative weight of 1.00) each included female age, female age squared, terminal 
attempt and the interaction between age and terminal attempt (Table 2). We observed a 
significant interaction between age and the terminal attempt (Table 3). During the final 
breeding attempt, older females laid later in the breeding season but this was not the case 
when the breeding attempt was not the last (Fig. 2). Younger females laid sooner during the 
final breeding attempt, but this was not the case when the breeding attempt was not the last 
(Fig. 2).  
     The models that included all the fixed effects did not explain variation in clutch size or 
nestling weight better than the null model (LTR: Chi-squared = 2.11, d.f. = 6, P = 0.91; 
Chi-squared = 2.23, d.f. = 6, P = 0.89, respectively).  
 
Discussion  
We have found that both age-dependent and age-independent factors played roles in 
determining the laying date of female Thorn-tailed Rayaditos in their terminal nesting 
attempt. The terminal nesting attempts of younger females are earlier than non-terminal 
nesting by females of the same age, whereas terminal nesting of older females was later 
than non-terminal nesting. However, no effects of age and terminal nesting were found for 
clutch sizes or nestlings weights for these same females. It is interesting to note that 
although laying date is an important trait (van der Jeugd et al. 2002, Amininasab et al. 
2016, Amininasa et al. 2017), comparing with other traits (e.g., brood size, progeny weight 
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independent events. In similar studies of laying date, in wandering albatrosses (Froy et al. 
2013) and goshawks (Møller and Nielsen 2014), laying date varied only with respect to age 
(no age-independent effect) and similar to our study older females started to lay later in the 
breeding season. 
The combination of age-dependent and age-independent effects on reproductive 
output have been observed for other reproductive traits in other studies (e.g. Martin and 
Festa-Bianchet 2011, Hammers et al. 2012, Froy et al. 2013, Tarwater and Arcese 2017). 
The only study that was similar to ours methodologically (included a binary factor to 
categorize each breeding attempt as being the terminal reproductive attempt or not) is that 
Hammers et al. (2012) in Seychelles warblers: similar to our study, they observed a 
significant interaction term in relation to age and the terminal reproductive attempt, but 
differed from our results in that the significant interaction was observed in the age squared 
term. In the Seychelles warblers study, reproductive success in the terminal reproductive 
attempt peaked at an intermediate age (7 years) and then declined with age (between 8 and 
14 years); in our study the relationship between age and reproductive output (laying date) in 
the terminal reproductive attempt was linear (i.e. we did not observe a peak of reproductive 
output). 
It is important to point out that both the senescence hypothesis and the allocation 
hypothesis predict the same pattern (decrease of reproductive success at older age). 
Therefore, like Hammers et al. (2012), we cannot conclude which of these mechanisms 
have affected the terminal reproducton of the Rayadito. However we speculate about 
different scenarios, which could be tested in future studies. We observed that during the last 
reproductive event the youngest females began to lay earlier in the reproductive season and 
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predictor of fitness (e.g., van der Jeugd et al. 2002, Amininasab et al. 2016, Amininasa et 
al. 2017), since the females that start laying earlier in the breeding seasons have greater 
availability of food or could have more than one clutch in the breeding season. Our 
observation of both age-dependent and age independent effects suggests that the 
physical/metabolic condition of Rayadito females could play an important role in 
reproductive success. For example, a young female who has some malignant condition (e.g. 
disease, high level of oxidative stress and/or large telomere shortening) and therefore a low 
probability of future reproduction is expected to invest all her energy in the last 
reproductive event (terminal investment hypothesis, e.g. Velando et al. 2006, McNamara et 
al. 2009). Future studies on this species should focus on determining both the cost 
associated with laying date (for example if there is competition for nesting site, territory or 
mate) and investigating which age-independent factors (e.g. disease, glucocorticoids and 
oxidative stress) affect reproductive success. 
 
Conclusions 
Long-term studies are a fundamental tool to study life history traits, however they require 
time, which is often difficult to record, especially in long-life species. This type of study 
has indicated that contrary to what was thought, physiological deterioration is an important 
aspect to consider (e.g. Hammers et al. 2012) given the effect that the age structure has on 
the dynamics of the population and its evolution. As in Seychelles warblers (Hammers et al. 













‘This article is protected by copyright. All rights reserved.’ 
We warmly thank Juan Monardez for help with fieldwork. Funding was provided through 
FONDECYT Grant (No. 1100359 and 11130245) to V. Quirici a d gra ts  ro  
F      T ( o. 1140548)  I  -005-00   a d PF - 3-    I  T to  .A.  s ue . MH 
was supported by a NWO VENI fellowship (863.15.020). Two anonymous reviewers and 
the editor, Wesley Hochachka, provided useful comments to improve a previous version 
of this manuscript.  esearch was co ducted u der per it  u bers 51 3 a d    5 issued 
by the  ervicio Agr cola y  a adero ( A )   hile. We tha k  orporaci    acio al 











‘This article is protected by copyright. All rights reserved.’ 
References 
Akaike, H. 1974. A new look at the statistical model identification. IEEE T Automatic. 
Control 19: 716–723. 
Altamirano, A.T., Ibarra, J.T., de la Maza, M., Navarrete, S.A., Bonacic, C. 2015. 
Reproductive life-history variation in a secondary cavity-nester across an 
elevational gradient in Andean temperate ecosystems. The Auk 132: 826-835. 
Amininasab, S. M., Vedder, O., Schut, E., de Jong, B., Magrath, M. J. L., Korsten, P., 
Komdeur, J. 2016. Influence of fine-scale habitat structure on nest-site occupancy, 
laying date and clutch size in blue tits Cyanistes caeruleus.  Acta Oecol 70: 37-44. 
Amininasa, S.M., Hammers, M., Vedder, O., Komdeur, J., Korsten, P. 2017. No effect of 
partner age and lifespan on female age‐ specific reproductive performance in blue 
tits. J Avian Biol. 48: 544-551. 
 albo t    J.   ller  A. P.   er osell  I.  .  ar al  A., Reviriego, M. and de Lope, F. 
2012. Geographical variation in reproductive ageing patterns and life-history 
strategy of a short-lived passerine bird. J. Evol. Biol. 25: 2298-2309. 
 arto   .  014. u I   ulti-model inference (R package version 1.10.0). 
http://CRAN.R- project.org/package=MuMIn. 
Bates, D.M., Maechler, M. and Dai, B. 2008. lme4: Linear mixed-effects models using S4 
classes. Available at: http://lme4.r-forge.r-project.org/. Last accessed 26 February 
2010. 
Botero-Delgadillo, E., Quirici, V., Poblete, Y., Cuevas, E., Kuhn, S., Girg, A., Teltscher, 
K., Poulin, E., Kempenaers, B., Vásquez, R.A. 2017. Variation in fine‐ scale 
genetic structure and local dispersal patterns between peripheral populations of a 










‘This article is protected by copyright. All rights reserved.’ 
Breuner, C.W., Orchinik, M., Hahn, T.P., Meddle, S.L., Moore IT, Owen-Ashley NT, et al. 
2003. Differential mechanisms for regulation of the stress response across 
latitudinal gradients. Am. Physiol. Regul. Integr. Comp. Physiol. 285: 594–600. 
Burnham, K. P., and D. R. Anderson. 2002. Model selection and inference: a practical 
information-theoretic approach. Second edition. Springer-Verlag, New York, New 
York, USA. 
Cooch, E. and White, G. 2008. Program Mark: a gentle introduction. 7th edition. 
http://www.phidot.org/software/mark/index.html 
Cornelius, C. 2007. Genetic and Demographic Consequences of Human-Driven Landscape 
Changes on Bird Populations: the Case of Aphrastura spinicauda (Furnariidae) in 
the Temperate Rainforest of South America. Dissertations. 579. 
https://irl.umsl.edu/dissertation/579 
Coulson, J.C. and Fairweather, J.A. 2001. Reduced reproductive performance prior to death 
in the Black-legged Kittiwake: senescence or terminal illness? J. Avian Biol. 32: 
146–152. 
Delignette-Muller, M.L. and Christophe Dutang, C. 2015. fitdistrplus: An R Package for 
Fitting Distributions. Journal of Statistical Software 64: 1-34. 
Espíndola-Hernández, P., Castaño-Villa, G.J., Vásquez, R.A., Quirici, V. 2017. Nutritional 
bias in relation to brood sex ratio in a non-dimorphic furnariid bird. Behav. Ecol. 
Sociobiol. 71: 65-72. 
Evans, S. R., Gustafsson, L. and Sheldon, B. C. 2011. Divergent patterns of age-
dependence in ornamental and reproductive traits in the collared flycatcher. - 
Evolution 65: 1623- 1636. 










‘This article is protected by copyright. All rights reserved.’ 
Forslund, P.  P rt, T. 1995. Age and reproduction in birds - hypotheses and tests. Trends 
Ecol. Evol. 10: 374-378. 
Fridolffson, A., Ellegreen, H. 1999. A simple and universal method for molecular sexing of 
non-ratite birds. J. Avian. Biol. 30: 116-121. 
Froy, H., R. A. Phillips, A. G. Wood, D. H. Nussey, and S. Lewis. 2013. Age-related 
variation in reproductive traits in the wandering albatross: evidence for terminal 
improvement following senescence. Ecol. Letters 16: 642–649. 
Gonzalez, J. and Wink, M. 2010. Genetic differentiation of the thorn-tailed rayadito 
Aphrastura spinicauda (Furnariidae: Passeriformes) revealed by ISSR profiles 
suggests multiple palaeorefugia and high recurrent gene flow. Ibis 152: 761-774. 
Grant, P.R. 1968. Bill size, body size, and the ecological adaptations of bird species to 
competitive situations on islands. Syst. Biol. 17: 319–333. 
Green, A.J., 2001. Mass/length residuals: measures of body condition or generators of 
spurious results? Ecology 82: 1473–1483. 
Groothuis, T. G., and Schwabl, H. 2002. Determinants of within- and among- clutch 
variation in levels of maternal hormones in Black-Headed Gull eggs. Funct. Ecol. 
16: 281–289. 
Hammers, M., D. S. Richardson, T. Burke, and J. Komdeur. 2012. Age-dependent terminal 
declines in reproductive output in a wild bird. PLoS ONE 7:e40413. 
Ho, D. H., Reed, W. L., and Burggren, W. W. (2011). Egg yolk environment differentially 
influences physiological and morphological development of broiler and layer 
chicken embryos. J. Exp. Biol. 214: 619–628. 










‘This article is protected by copyright. All rights reserved.’ 
Lebreton, J.D., Burnham, K.P., Clobert, J. and Anderson, R.A. 1992. Modelling survival 
and testing biological hypotheses using marked animals: a unified approach with 
case studies. Ecol. Monog. 62: 67-118. 
Martin, K. 1995. Patterns and mechanisms for age dependent reproduction and survival in 
birds. Am. Zool. 35: 340–348. 
Martin, T.W. 2004. Avian life-history evolution has an eminent past: does it have a bright 
future? Auk 121:289–301. 
Martin, J. G. A., and M. Festa-Bianchet. 2011. Age-independent and age-dependent 
decreases in reproduction of females. Ecol. Lett. 14: 576–581. 
McKnight, A., Blomberg, E.J., Golet, G.H., Irons, D.B., Loftin, C.S., Shawn, T. McKinney, 
S.T. 2018. Experimental evidence of long‐ term reproductive costs in a colonial 
nesting seabird. J. Avian. Biol. https://doi.org/10.1111/jav.01779 
McNamara, J.M., Houston, A.I., Barta, Z., Scheuerlein, A., Fromhage, L. 2009. 
Deterioration, death and the evolution of reproductive restraint in late life. Pro. R. 
Soc. Lond. B 276: 4061-4066. 
Mourocq, E., Bize, P., Bouwhuis, S., Bradley, R., Charmantier, A., de la Cruz, C., Krüger, 
O. 2016. Life span and reproductive cost explain interspecific variation in the 
optimal onset of reproduction. Evolution 70: 296-313. 
Mysterud, A., Yoccoz, N.G., Stenseth, N.C., Langvatn, R. 2001. The effects of age, sex and 
density on body weight of Norwegian red deer: evidence of density-dependent 
senescence. Proc. R. Soc. Lond. B 268: 911–919. 
Møller, A.P., Nielsen, J.T. 2014. Parental defense of offspring and life history of a long-










‘This article is protected by copyright. All rights reserved.’ 
Moreno, J., Merino, S., Vásquez, R.A., Armesto, J. 2005 Breeding biology of the Thorn-
tailed Rayadito (Furnariidae) in south-temperate rainforests of Chile. The Condor 
107: 69-77. 
Moreno, J., Merino, S., Lobato, E., Rodríguez-Gironés, M.A., Vásquez, R.A. 2007. Sexual 
dimorphism and parental roles in the Thorn-tailed Rayadito (Furnariidae). The 
Condor 109: 312-320. 
Nager, R.G., Monaghan P., Houston D.C. 2001. The cost of egg production: increased egg 
production reduces future fitness in gulls. J Avian Biol. 32: 159-166.  
Nichols, J.D. 1992. Capture-recapture models. Using marked animals to study population 
dynamics. Bioscience 42: 94-102. 
Nur, N. 1984. The Consequences of brood size for breeding blue tits I. Adult survival, 
weight change and the cost of reproduction. J. Anim. Ecol. 53: 479-496. 
Nussey, D.H., Froy, H., Lemaitre, J.F., Gaillard, J.M., Austad, S.N. 2013. Senescence in 
natural populations of animals: widespread evidence and its implications for bio-
gerontology. Ageing Res. Rev. 12:214–225. 
Orell, M., Belda. E.J. 2002. Delayed cost of reproduction and senescence in the willow tit 
Parus montanus. J. Anim. Ecol. 71: 55–64. 
Parolini, M., Romano, M., Caprioli, M., Rubolini, D., and Saino, N. 2015. Vitamin E 
deficiency in last-laid eggs limits growth of yellow-legged gull chicks. Funct. Ecol. 
29: 1070–1077. 
Pianka, E.R., Parker, W.S. 1975. Age-specific reproductive tactics. Am. Nat. 109: 453–464. 
Rattiste, K. 2004. Reproductive success in presenescent common gulls (Larus canus): the 










‘This article is protected by copyright. All rights reserved.’ 
van der Jeugd, H. P.,  McCleery, R. 2002. Effects of spatial autocorrelation, natal 
philopatry and phenotypic plasticity on the heritability of laying date. J. Evol. Biol. 
15: 380-387. 
Van de Pol, M., Verhulst, S. 2006. Age-dependent traits: a new statistical model to separate 
within-and between-individual effects. Am. Nat. 167: 766–773. 
Quirici, V., Venegas, C.I., González-Gómez, P.L., Castaño-Villa, G.J., Wingfield, J.C., 
Vásquez, R.A. 2014. Baseline corticosterone and stress response in the Thorn-tailed 
Rayadito (Aphrastura spinicauda) along a latitudinal gradient. Gen. Comp. 
Endocrinol. 198: 39-46. 
Quirici, V., Guerrero, C.J., Krause, J.S., Wingfield, J.C., Vásquez, R.A. 2016. The 
relationship of telomere length to baseline corticosterone levels in nestlings of an 
altricial passerine bird in natural populations. Front. Zool. 13: 1-7 
Reed, T.E., Kruuk, L.E.B., Wanless, S., Frederiksen, M., Cunningham, E.J.A., Harris, M.P. 
2008. Reproductive senescence in a long-lived seabird: rates of decline in late-life 
performance are associated with varying costs of early reproduction. Am. Nat. 171: 
E89–E101. 
Remsen, J.V. 2003. Family Furnariidae (ovenbirds). En: Christie DA, Elliott A, del Hoyo J, 
editores. Handbook of the Birds of the World. Broadbills to Tapaculos. Vol. 8. Lynx 
Edicions, Barcelona, España. 
Ricklefs, R.E. 2008. The evolution of senescence from a comparative perspective. Func. 
Ecol. 22: 379–392. 
Robertson, R.J., Rendell, W.B. 2001. A long-term study of reproductive performance in 











‘This article is protected by copyright. All rights reserved.’ 
Roff, D.A. 2002. Life History Evolution. Sinauer Associates, Sunderland. 
Rose, M.R. 1991. Evolutionary Biology of Aging. Oxford University Press, New York. 
Symonds, M.R.E., Moussalli, A. 2011. A brief guide to model selection, multimodel 
inference and model averaging in behavioural ecology using Akaike's information 
criterion. Behav. Ecol. Sociobiol. 65: 13-21. 
Tarwater, C.E., Arcese, P. 2017. Age and years to death disparately influence reproductive 
allocation in a short-lived bird. Ecology 98: 2248-2254. 
Torres, R., Drummond, H., Velando, A. 2011. Parental age and lifespan influence offspring 
Recruitment: a long-term study in a seabird. PloS one 6: e27245. 
 
Trivers, R.L. 1972. Parental investment and sexual selection. En B. Campbell (Ed.), Sexual 
selection and the descent of man, 1871-1971 (pp. 136-179). Chicago, IL.Aldine. 
ISBN 0-435-62157-2. 
Van de Pol, M., Verhulst, S. 2006. Age-dependent traits: a new statistical model to separate 
within-and between-individual effects. Am. Nat. 167: 766–773. 
Velando, A., Drummond, H., Torres, R. 2006. Senescent birds redouble reproductive effort 
when ill: confirmation of the terminal investment hypothesis. Proc. R. Soc. Lond. B 
273: 1443-1448. 
 illagr     .  Ar esto  J.J.   i o osa   .F.   uverti o  J.  P re    .  edi a   .   004. El 
e ig  tico orige  del bos ue relicto de Fray Jorge. I     ueo  F.A.   uti rre   J. .  
 er   de   I. . ( ds.)   istoria  atural del par ue  acio al bos ue Fray Jorge. 
Universiad de La Serena Editions, La Serena, Chile, pp. 173–185. 
White, G.C., Burnham, K.P. 1999. Program MARK: survival estimation from populations 










‘This article is protected by copyright. All rights reserved.’ 
Whittingham, M.J., Stephens, P.A., Bradbury, R.B., Freckleton, R.P. 2006. Why do we still 
use stepwise modelling in ecology and behaviour? J. Anim. Ecol. 75: 1182–1189. 
Yáñez, D.I., Quirici V., Castaño-Villa, G.J., Poulin, E., R.A. Vásquez. 2015. Isolation and 
characterisation of eight microsatellite markers of the Thorn-Tailed Rayadito 











‘This article is protected by copyright. All rights reserved.’ 
Figure Legends 
Figure 1. Schematic representation of the four alternative hypotheses for the effects of 
female age and terminal reproduction (terminal or non-terminal) on reprpduction: a) 
independent of age and terminal reproductive attempt, b) independent of age and dependent 
of the terminal reproductive attempt, c) dependent on age and independent of the terminal 
reproductive attempt and d) age-dependent and age-independent effect on terminal 
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Figure 2. Laying date of females of the Thorn-tailed Rayadito in relation to age in the 
terminal attempt (Yes: right panel) or not (No: left panel). Ages of 1 and 2 (age =2) and 
ages of 6, 7, 8 and 9 (age = 6) were lumped. Sample sizes of ages in the terminal attempt 
samples were as follows: No: age 2 = 23, age 3 = 20, age 4 = 11, age 5 = 7, age 6 = 6; Yes: 
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Table Legends 
Table 1. Number of occupied nest boxes with their clutch size, number of reproductive 
males and females and number of nestlings of the Thorn-tailed Rayadito in Fray Jorge 





Males Females Nestlings 
2008 43 2.48 (± 0.83) 32 37 107 
2009 14 2.64 (± 0.63) 12 12 36 
2010 36 2.61 (± 0.90) 13 15 93 
2011 31 2.58 (± 0.72) 27 27 79 
2012 30 2.59 (± 0.67) 17 17 82 
2013 27 2.48 (± 0.64) 24 21 66 
2014 17 2.06 (± 0.70) 17 15 50 
2015 24 2.48 (± 0.51) 25 27 61 
2016 21 2.65 (± 0.88) 20 19 52 
2017 37 3.16 (± 0.83) 20 20 76 
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Table 2. Model list for the influence of age, age
2
 and terminal attempt on laying date in 



















1 Yes Yes Yes Yes No 941.87 0.00 0.91 
2 Yes Yes Yes Yes Yes 946.39 4.52 0.09 
Model list includes models that represent > 95% of the cumulative weight. Yes indicates 
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Table 3. Model-averaged results of the influence of age on laying date in female Thorn-tailed Rayadito 
Traits  Estimate Standard Error Lower CI Upper CI 
Intercept 27.49 6.45 14.72 40.26* 
Age -0.98 1.38 -3.72 1.77 
Age
2
 0.59 1.02 -1.43 2.59 
Terminal -12.19 9.61 -31.18 6.82 
Age*Terminal -3.57 1.76 -7.05 -0.89* 
* Confidence intervals (CI) do not cross 0. Terms whose CI do not cross 0 have a P value of  < 0.05 for the 
model averaged model. The variances for random effects were 0.00, 105.3 and 176.4 for female identity, year 
and residual variance, respectively. 
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